Based on the temperature characteristics of the air, ice and water in the vertical direction of the river ice cover, an automatic temperature measuring instrument for ice cover profile was designed. The sensor used NTC thermistor as a temperature detection unit. In order to improve the actual detection accuracy of the sensor units in a wide temperature range [223.15 K (−50 • C), 293.15 K (20 • C)], a calibrating method of the thermistor using the resistance residual compensation method was proposed and compared with the existing seven calibration methods. The results show that the accuracy of the calibrated temperature sensor units can reach 0.1 K in the testing range, which can satisfy the accuracy requirements in thermodynamics research of ice cover profile. We further designed a temperature measuring instrument and carried out a deployment of the instrument and in-situ observation of data in cold region of the upstream of Heilongjiang River in late December 2017. The evolution process of ice thickness was analysed and discussed by the collected data. It can be proved that this instrument is an effective scheme for intelligent detection of river ice environment in cold regions.
I. INTRODUCTION
Freezing is a natural phenomenon in rivers and lakes in high latitude areas. The changes of ice conditions in the production and elimination process have adversely affected the safe operation of many water conservancy projects. At the same time, the study of the thermodynamic distribution law of ice cover or glacier is also one of the important methods to effectively reflect climate change in polar science [1] . Ice is susceptible to temperature and its thickness is mainly affected by the cumulative daily average temperature [2] , [3] .
The associate editor coordinating the review of this manuscript and approving it for publication was Yasar Amin . Due to the difference in thermal conductivity between air, ice and water, there are different temperature distribution layers on the vertical section. This method of using the difference in temperature profile characteristics of air, ice and water to obtain the thickness of ice cover is still a main way in the science and engineering field [4] . The temperature chain of several temperature sensing units connected by cables has long been used to measure the temperature distribution in the sea ice, but the early connection of a large number of independent thermistors increased the complexity of the instrument [5] - [7] . In 2013, Jackson used several Maxim DS28EA00 sensors to make a low-cost temperature chain and realized the fixed point measurement of snow and ice VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ layer changes from the northern part of the Weddell sea in Antarctica for one consecutive year [8] . Cheng used the same type of temperature chain to monitor the ice evolution process of Orajärvi lake in northern Finland and established a numerical prediction method that could reflect the ice thickness development process [9] . Lei deployed a floating temperature chain buoy at Alpha Ridge in the central arctic ocean and calculated the ice thickness change process over 10 months by the heat flux method [10] . In 2008, Qin put forward the method of using DS18B20 digital temperature sensor to manufacture a multi-point temperature detection instrument for the recognition of the interface between water and ice, and applied it to some ice condition observation points in Yellow River [11] . In the past ten years, various types of contact temperature chains have helped the scientists to preliminary understand the seawater or freshwater ice internal growing and melting process, however, we also notice that the measuring accuracy of the temperature sensor used in the low-temperature environment is far lower than the normal temperature environment, even though it has been corrected, the measurement error is still very big within a wide temperature range [12] . In this case, using the method of thermodynamics to analyse the evolution process of the internal ice cover is clearly not appropriate [13] . The NTC (Negative Temperature Coefficient) thermistor is a temperature-sensitive component whose resistance decreases with increasing temperature which has been widely used in many fields [14] . Considering that the resistance of thermistor has a nonlinear exponential relationship with temperature, Steinhart [15] and Hoge [16] proposed a series of classical calibration equations, however, it still can not very well meet the accuracy in the lower temperature range. In order to obtain higher measurement accuracy at lowtemperature, it is necessary to further optimize the calibration equation [17] . Therefore, a multi-sensor digital temperature measuring instrument was designed by using NTC thermistors and the temperature measuring chip LTC2983, and the model of temperature calibration was established by focusing on the resistance and temperature characteristics of the thermistor in the low-temperature range (−50 • C -20 • C). The instrument was tested in the upstream of the Heilongjiang River in China from December 8, 2017 to March 25, 2018. The typical data of growing, stabilizing and melting phases of the ice cover were also analysed and discussed.
II. SENSOR DETECTION PRINCIPLE AND THERMISTOR CALIBRATION METHOD A. SENSOR DETECTION PRINCIPLE
The upstream of Heilongjiang River in China is controlled by the continental monsoon and Mongolian high in winter. The average air temperature is −28.0 • C -2.2 • C, and the night-time temperature can reach below −45 • C in January and February. In order to meet the needs of the rough environment detection, a high-accuracy digital temperature measuring chip LTC2983 (Linear Technology Corp.) and a series of NTC thermistors PS303J2 (U.S. SENSOR Corp.) were used for the site test. The detection principle of the sensor is shown in Fig. 1 . A resistor network constituted by some NTC thermistors and analog switches ADG732 is connected with a precision resistor R S . LTC2983 can automatically generate an excitation current which is applied to the resistor network for proportional measurement. To avoid the measurement interference among the thermistors, several analog switches ADG732 are used for multi-point temperature measurement. 
B. THERMISTOR CALIBRATION METHOD
A low-temperature thermostat calibrated (BILON-W-506S, Billion Instrument Co., Ltd.) was used to structure the lowtemperature environment. The working temperature range of the thermostat is −60 • C -95 • C, and the temperature fluctuation is ±0.1 • C. In the experiment, the thermistors were calibrated in a temperature range from −50 • C to 20 • C (223.15 K to 293.15 K), and the calibrated interval was 5 • C. When the stability time of the constant temperature environment is more than 30 minutes, all of the thermistor resistance data were collected. The calibration experiment instrument is shown in Fig. 2(a) . It can be seen from Fig. 2 (b) that with the temperature drops from 293.15 K (20 • C) to 223.15 K (−50 • C), the selected thermistor resistance increases from 36.85 k to 1862.97 k , which indicates a significant nonlinear characteristic, so it is very important that we should recalibrate the sensor before integrating them for obtaining the results of high-precision temperature measurement.
The empirical formula of thermistor calibration can be expressed as (1) [18] :
where R T is the resistance of the thermistor at temperature T . R 0 is the resistance at the reference temperature T 0 , and the reference temperature T 0 is usually 25 • C (298.15 K). β is a constant that depends on the characteristics of the thermistor. So (1) can be simplified to (2): We use the experimental resistance and temperature data to fit equation (2), which can be determined that the value of A is −21.11528, the value of B is 3706.42625, the fitting determination coefficient R 2 is 0.9998, and the temperature residuals are shown in Fig. 3 . It can be seen that the maximum temperature residual value in the range (233.15 K (−40 • C) -293.15 K (20 • C)) is 0.39 K, and in the lower temperature test range (223.15 K (−50 • C) -233.15 K (−40 • C)), the temperature residual value can reach 0.76 K. This indicates that the fitting result obtained by the empirical formula is inferior in the low-temperature region, and the empirical formula needs to be optimized and improved.
The improvement process is as follows: the temperature values collected by the experiment are substituted into equation (2) to obtain the fitting resistance value R fit (R fit is the resistance value calculated by equation (2) instead of the measured resistance value). The residual value of the resistance r can be obtained by equation (3): (4):
where a is −1605.8989, b is 0.03788, and c is −5.1391×10 −8 . The coefficient R 2 is 0.99793. It can be seen from Fig. 4 that as the resistance value of the thermistor increases, the polynomial fitting error also increases gradually, and its influence on the final temperature calibration result needs further analysis. Substituting equation (4) and (3) into equation (2), we can get equation (5): Equation (5) is the formula of resistance residual compensation (RRC) method. The temperature residual values are shown in Fig. 5 . It can be seen that the temperature fitting errors of thermistors are small, and the absolute value of the fitting residual is less than 0.10 K. The different individual thermistors were calibrated by the RRC method. According to the experimental results, the parameter data of different single thermistor calibration equations and the temperature residuals of different individual thermistors were shown in Table 1 and Fig. 6 , respectively. It can be seen from Fig. 6 that the temperature residual values of different individual thermistors fluctuate around 0.0 K, and the variation range is ±0.10 K. When the temperature is greater than 278.15 K, the temperature residual value oscillates larger. The reason is that the temperature coefficient of the NTC thermistor decreases with increasing temperature, the temperature residual value increases in the high-temperature region. The residual value of the resistance in Fig. 4 shows that the fitting effect has a significant reduction with the increase of thermistor resistance. Since the temperature coefficient of the NTC thermistor increases with the decrease of the temperature, the influence on the final temperature fitting effect can be neglected [19] . Therefore, compared with the traditional empirical formula calibration method, the fitting effect of the thermistor is obviously improved by the RRC method, and the temperature residual value can be controlled at 0.10 K in the range [223.15 K (−50 • C), 293.15 K (20 • C)].
We compared with the calibration methods proposed in references [15] , [16] , [20] - [22] , and the averaged residual values of different thermistors at the same temperature calculated by the eight equations ((5) -(12)), the results show in Fig. 7 .
The calibration equations for other thermistors cited are as follows:
Hoge-1 equation:
Hoge-2 equation: Hoge-3 equation:
Hoge-4 equation:
Hoge-5 equation:
Steinhart-Hart equation (S-H):
where A 0 , A 1 , A 2 , A 3 , A 4 , A 5 , C 1 , C 2 , C 3 above-mentioned are all the constant. Temperature residual compensation method (TRC):
where A, B, a, b, c are all the constant. It can be seen from Fig. 7(a) that the coincidence degree of fitting residual error of TRC and S-H method is better, and the same condition also presents in Hoge-1 and Hoge-5 method ( Fig. 7(b) ), but in temperature point of 238.25 and 278.05 K, the fitting residual error of Hoge-1 and Hoge-5 is bigger than RRC method (>0.1 K). There is also a big error (>0.1 K) at 288.15 K in Hoge-2, Hoge-3 and Hoge-4.
In order to further evaluate the calibration results of eight equations, the parameters in Table 2 are defined as follows: where T is the absolute value of the fitting residual (the difference between the actual value T and the fitting value T fit ) at each temperature testing point, T min and T max is the minimum and maximum values, respectively. The absolute value of the average fitting residual T avg is defined as follows:
where n is the number of calibration points. The sum of squares of the residuals T SSE is defined as follows:
The results show that the Basic equation is valid within the range of −50 • C -20 • C, but the fitting residual is too large, T max reaches to 0.763 K. For Hoge's equations, T avg and T SSE of Hoge-3 is smaller and performs slightly better than other equations. The results of S-H equation are similar to the TRC proposed by Deng et al. [20] . As a whole, the RRC equation proposed in this paper is the best calibration method for PS303J2 thermistor, which has the minimum T avg and T SSE . Therefore we think it is more suitable for high-precision temperature measurement at low-temperature and meets the thermodynamic study for ice cover profile. 
III. INSTRUMENT DESIGN
Based on the results of the thermistor calibration optimization, we designed the temperature measuring instrument for the ice cover profile. The instrument schematic is shown in Fig. 8 . The instrument includes four parts: sensor module, data acquisition module, solar power supply module and host computer module. The sensor module consists of 100 calibrated NTC thermistors, and each thermistor is connected to the LTC2983 through the corresponding ADG732 channel to achieve temperature acquisition. The CPU in the data acquisition module chooses the microchip unit of low-power MSP430F1611 (Texas Instruments), which can ensure the long-term operation of the instrument in extremely rough environments. The clock module SD2200 can respond to the interrupt of the CPU and control the acquisition time. The built-in SD card and the file management chip CH376S can proceed the real-time storage. In addition, the clock and the GPRS realize the timing transmission of the data. The function of the host computer module is the reception of the collected data and the remote control to the instrument. 
IV. IN-SITU OBSERVATION AND DATA ANALYSIS
The temperature measuring instrument for ice cover profile was deployed from December 8, 2017 to March 25, 2018 in the China-Russian border (53 • 28'43''N, 122 • 21'38''E) for real-time detecting the thickness evolution of the ice cover ( Fig. 9 ). In order to accurately understand the changes of the daily temperature profile, the acquisition frequency of the instrument was set to once per hour, and the acquired data was uploaded to the data centre through wireless communication technology. The interface recognition algorithms of ice/water and snow/ice please refer to our previous papers [11] , [23] . According to the interface recognition algorithms of ice/water and snow/ice, the ice thickness at 08:00 every day VOLUME 8, 2020 from December 15, 2017 to March 24, 2018 is shown in Fig.10 . It can be seen that the average air temperature fluctuated within the range [−38 • C, 0 • C] from mid-December to early March and the corresponding ice thickness increased from 40 cm to 100 cm. From mid-March, with the temperature getting warmer (no sudden drop in temperature), the thickness of the ice cover remained stable and no longer increased. As the temperature continued to rise, the daily average temperature was closed to 0 • C. At this time, the ice cover was already in the melting phase. Before the instrument was removed, the thickness of the ice cover dropped to 95 cm, which was basically consistent with the value of 97 cm by manual observation.
Temperature change is an important factor in the evolution of ice. Temperature affects the growing and melting of congelation ice by heat conduction. The equation for calculating the growth rate of ice cover can be found in references [11] , [20] . Because there is a great fluctuation of air temperature in spring and night, in order to reduce the misjudgement caused by the large temperature difference, we define the period in which the growth rate of ice cover is ''0'' for ten consecutive days as stabilizing phase. The period before the stabilizing phase is defined as the growing phase, and the date after the stabilizing phase is defined as the melting phase. From Fig. 11 , it can be seen from the change of the ice cover growth rate that the growing, stabilizing and melting phases are from In meteorology, the cumulative value of the daily average temperature less than 0 • C is called the negative accumulated temperature, which can reflect the total amount of thermal resources provided by the local climate. The calculation equation of the cumulative negative accumulated temperature (CNAT) can be shown as equation (16) [24] :
where T f is the temperature of the ice bottom and the value usually is 0 • C, T 0 is the temperature of the ice surface, and the integral step is 1 day. In Fig. 11 , we can see that the development of the ice growth rate is keeping pace with the rapid growth of CNAT, and the ice thickness is in a growing phase. When CNAT begin to fall back, the ice growth rate exhibited zero or negative growth, and finally the ice thickness decreased. The ice cover profile temperature distribution is of great significance for the analysis of the thermodynamic evolution process inside the ice cover. Fig. 12 shows the overall temperature profile, which records the ice cover profile temperature data collected from the instrument at 08:00 every day from December 15, 2017 to March 24, 2018. The ice/water interface and the ice/snow interface are also marked in figure. Due to the low-temperature environment during the testing period, the heat exchange between air and the ice surface was dominated, and the temperature changed from the top surface to the deeper position of ice cover, which resulted in a great change in the temperature near the top surface. Meanwhile, because the ice bottom mainly exchanged heat with the river water, there was a small temperature change near the bottom surface of the ice. We further analysed the typical daily temperature profile of the three periods of ice thickness change (Fig. 13 ). Fig. 13(a) is a typical ice cover profile temperature curve of the growth period (January 15). It can be seen that the hourly temperature was maintained at a low level, and the maximum temperature difference between day and night was around −10 • C. The temperature at each moment in the ice cover profile was substantially coincident. The lower air temperature continued to conduct downward through the snow on the surface of the ice cover, and the internal temperature distribution changed substantially linearly along the increase direction of the ice thickness. The temperature characteristics during the growing phase promoted the rapid growth of ice thickness, and the thickness of the ice cover increased from 40 cm on December 15 to 80 cm on January 15.
It can be seen from the daily temperature profile of the stabilizing phase in Fig. 13(b) that the temperature increased significantly compared with the growing phase. The positive temperature period occurred between 12:00 and 16:00, while the negative temperature accounted for the vast majority of the day. At this time, the temperature distribution of the ice cover still kept increasing along the direction of increasing ice thickness. Due to the influence of higher temperatures during the day-time, the ice cover closer to the ice/snow interface absorbed more heat, but the deeper ice layer had less impact. For example, the temperature of the ice surface at 14:00 increased by 0.7 • C compared with 13:00, the temperature at the ice cover depth of 10 cm was 1.6 • C lower than the temperature of the ice surface at 14:00, and a relatively cold intermediate layer appears [10] . With the rise of temperature, the relatively cold intermediate layer gradually moved toward the deeper ice layer. At 18:00, the relatively cold intermediate layer reaches a maximum depth of 18 cm and the temperature is −6.6 • C. Fig. 13 (c) shows a daily temperature profile of the ice cover during the melting phase (March 25). We found that the lowest temperature at this time is around 0 • C, the ice surface had no snow cover, and the heat could be directly transmitted into the ice cover through the air. The temperature of the ice cover was between −0.7 • C and 0 • C, which indicated that the ice cover began to melt, and then the thickness was 97 cm.
V. CONCLUSION
We designed an intelligent temperature measuring instrument which can be used to detect the ice condition of rivers in cold regions. To solve the problem of low accuracy of thermistors at low-temperature, we proposed the RRC method to calibrate thermistors and achieved the calibration accuracy of 0.1 K in a wide temperature range from 223.15 K (−50 • C) to 293.15 K (20 • C). On this basis, a temperature measuring instrument was designed by using the MSP430F1611 microchip with low-power. At the end of December 2017, the instrument was deployed in cold region of the upstream of Heilongjiang River (53 • 28'43''N, 122 • 21'38''E). The changes of ice thickness, ice growth rate and ice cover temperature profile were analysed through the collected data. We think that it is a potential scheme for the high precision measuring of ice thickness evolution in cold regions. It should be noted that there is no comparison of other types of thermistors in this paper. Therefore, whether the RRC model is applicable to other thermistors will be carried out in future studies. YUANGUO JIAN FENG is currently a Senior Engineer. His research interest is in the application of radio wave propagation technology in ground-based radar, spaceborne SAR, satellite communications, and other systems. He had been responsible for more than ten national 863, 973, and other projects. He received the first prize and third prize from the National Defense Science and Technology Progress. 
